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viewed by Oude Elferink et al. 4 ). The transport of these comThe human Dubin-Johnson syndrome (DJS) is a rare pounds is impaired in DJS as well. 3, 14 The characterization autosomal recessive liver disorder characterized by of the human multidrug resistance-associated protein chronic conjugated hyperbilirubinemia. Patients have (MRP1) 15 as an organic anion pump with a highly similar impaired hepatobiliary transport of non-bile salt orsubstrate specificity as the putative cMOAT 16, 17 has recently ganic anions. A highly similar phenotype has been deled to the cloning of the rat cmoat complementary DNA scribed for a mutant Wistar rat strain, the transport-(cDNA), a liver-specific homologue of MRP1. 18, 19 The identifideficient (TR 0 ) rat, which is defective in the canalicular cation of a single-nucleotide deletion in this gene in TR 0 rats multispecific organic anion transporter (cmoat). This has unambiguously demonstrated its role in canalicular orprotein mediates adenosine triphosphate-dependent ganic anion transport. 18 Indeed, transfection studies revealed transport of a broad range of endogenous and xenobiotic an increased organic anion efflux from cells expressing compounds across the (apical) canalicular membrane of cMOAT (Paulusma CC, unpublished data, July 1996). In view the hepatocyte. The complementary DNA (cDNA) encodof the highly similar phenotypes of TR 0 rats and DJS paing rat cmoat has recently been cloned, and the mutation tients, we postulated that a mutation in the human cMOAT underlying the defect in TR 0 rats has been identified. In gene underlies the transport defect in the DJS. the present study, we have isolated the human homologue of rat cmoat, human cMOAT, and analyzed the cor- fragment of rat cmoat as a probe, as described previously.
18 Three overlapping cDNAs were isolated. The sequence of the 5 end, encod-
The typical phenotypic and diagnostic features of Dubin-ing the first 11 amino acids of cMOAT, was determined from a human Johnson syndrome (DJS) 1 have greatly contributed to the biochemical characterization methanol for 30 minutes. Before staining, the sections were preof the transport system involved in this defect. These mutant treated with 0.01 mol/L citric acid (pH 6.0) for 3 1 5 minutes at animals lack the hepatobiliary excretion of many organic 100ЊC. The sections were blocked with normal rabbit serum for 10 anions including bilirubin-glucuronide, 8, 9 cysteinyl-leuko-minutes and incubated with monoclonal antibody M 2 III-6 for 1 hour. trienes, 10, 11 and some divalent bile salt conjugates 12, 13 (among This antibody was produced against a bacterial fusion protein containing the 202-amino acid COOH-terminal end of rat cmoat, and various other glutathione and glucuronide conjugates) (recharacterized as described previously. 18 Immunoreactivity was visualized with biotinylated rabbit anti-mouse Fab 2 (Dako Copenhagen, Denmark), followed by streptavidin-conjugated horseradish peroxidase (Dako) in phosphate-buffered saline/1% bovine serum albumin, The Netherlands), and transformed into INVaF competent cells (Invitrogen). White colonies were picked, grown overnight, and plasmid DNA was isolated using the alkaline lysis method. 23 Nucleotide sequences of 5-8, pooled clones were determined by the dideoxynucleotide chain method. 24 
RESULTS
The human cMOAT cDNA was obtained after screening a human liver cDNA library using a 5-kb fragment of rat cmoat as a probe. 18 Three overlapping cDNAs were isolated, which lacked the 5 30 coding nucleotides, when compared with the rat cmoat sequence. The missing 5 end was present in a cDNA clone (#124379), which we obtained from the I.M.A.G.E. consortium. The full-length cDNA encoding cMOAT contains a single open reading frame of 1,545 amino acids (Fig. 1) , with a predicted molecular weight of 174 kd, tribution of cMOAT in humans and rats is highly similar, with high expression in liver, and low expression in kidney and duodenum (Kool M, et al., submitted).
Polymerase Chain Reaction. The human cMOAT cDNA was ampli-
We have studied a patient (age 54) who was diagnosed for ; the reactions were denaturated at 96ЊC for 5 minutes, and tive of DJS (Fig. 2B ).
subjected to five times of two cycles with annealing temperatures of Paraffin-embedded liver sections of DJS and control liver 72, 70, 68, 66, and 65ЊC, respectively, and subsequently with 30 were examined for the presence and localization of the cycles with an annealing temperature of 64ЊC. Each cycle started cMOAT protein, using monoclonal antibody M 2 III-6. In huwith 20 seconds at 94ЊC, 30 seconds at the indicated annealing tem-man control liver ( Fig. 2A) , the antibody stained the canalicuperature, and 90 seconds at 72ЊC. The PCR reaction was terminated lar membrane of the hepatocyte. In DJS liver (Fig. 2B) , no after an extension step at 72ЊC for 10 minutes. canalicular staining was observed, indicating that this pa- a control, a positive canalicular staining was observed in both DJS and control liver with JSB-1, 20 an antibody against Pglycoprotein (not shown).
To investigate the nature of the genetic defect, total RNA was isolated from cultured fibroblasts obtained from a skin biopsy of both the patient and a normal control. cDNA was prepared and the total cMOAT cDNA was amplified by the ''touch down'' PCR protocol. 22 Sequence analysis of multiple independent clones revealed a mutation in the patient at codon 1066 (CGA to TGA; arginine to stop-codon) (Fig. 3) , which leads to premature termination of cMOAT protein synthesis, the normal protein being 1,545 amino acids long (see also Fig. 1 ). The mutation results in the loss of a TaqI restriction site, and we have confirmed the absence of this site in the patient by TaqI digestion of a cMOAT PCR product encompassing the site of the mutation (Fig. 4) . Digestion of genomic DNA from patient and control with TaqI, and subsequent Southern blot analysis, showed a different hybridization pattern in patient and control, indicating that the patient is homozygous for the mutation in codon 1066 (not shown).
DISCUSSION
This article describes the identification of the genetic defect that underlies the phenotype observed in patients with DJS, and that corresponds to the genetic defect identified in the animal model for DJS, the TR 0 rat. 18 Kartenbeck et al. 26 previously described the absence of the canalicular immunostaining in a liver section of a DJS patient, using an antibody directed to MRP1. This antibody gave both lateral and canalicular staining in control liver, but only lateral staining in DJS liver. Because MRP1 is only present in the basolateral membrane of epithelial cells, 27 we conclude that the antibody crossreacts with the apically localized, and homologous, cMOAT protein, a conclusion supported by more recent work of this group. 19 The antibody used in our work does not crossreact with MRP1 and only stains the canaliculus. Indeed, The mutated cMOAT gene in the patient under study re-pairs. sults in a truncated protein. Our antibody is raised against the C-terminal 202 amino acids (of rat cmoat), which lie behind the mutation in this patient. We do not know, therefore, whether the truncated protein is present in the canaliculus, whether it is mistargeted, or broken down. Because the mutation leads to the absence of four membrane-spanning domains and the complete second adenosine triphosphatebinding cassette, it can be assumed that the protein is not functional. In relation to this, it was recently shown that expression of the NH 2 0 or COOH-proximal halves of the MRP1 protein separately (each containing one adenosine triphosphate-binding cassette) did not result in adenosine triphosphate-dependent leukotriene C 4 transport, while coexpression of both half-molecules restored this transport, 28 a phenomenon that also might apply to related adenosine triphosphate-binding cassette transporter proteins, including cMOAT.
An association has been observed between DJS and Factor-VII deficiency in a patient group from Jewish communities in Iran and Iraq. 29 In these communities, a high incidence of several genetic disorders, including DJS, is caused by a high degree of consanguinity. 30 The genes encoding human Factor-VII and cMOAT have been localized to chromosomes 13q34 of this inherited disorder, without the need for liver biopsy.
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